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The aim of the research presented in this article is to assess the impact of bearing plates
dimensions on the interaction of steel arch support and rock mass. The analysis of the
bearing plates was based on laboratory tests and numerical calculations using the FLAC3D
program (a finite difference method) and the strain-hardening/softening model based on
prescribed variations of MohreCoulomb properties. The article presents the results of
laboratory tests on selected bearing plates and the results of numerical analysis of the
interaction between the bearing plates and rock mass with coal, clay stone and sandstone
properties.
© 2015 The Authors. Productioin and hosting by Elsevier B.V. on behalf of Central Mining
Institute in Katowice. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The proper interaction of the steel arch support and rockmass
involves, inter alia, transferring roof loads to the floor, which
largely depends on the type of foot support. Activities aiming
at increasing the load-bearing capacity of theworking support
are justified only if proper foot support to the frame is pro-
vided. Additional intermediate elements are applied due to
the small cross-sectional area of the V profiles in order to in-
crease the contact surface area of the steel arch support and
the floor, the so-called bearing plates. The appropriate trans-
fer of forces from the support's foot to deeper layers of rock
mass has a considerable role in determining the interaction of
the entire support with the rock mass. In the case of weak
floor rock wooden or concrete bearing plates are used.
Wooden and concrete plates are characterized by high rigidity
and the relatively large surface of its elements. However, due
to transport difficulties such bearing plates are virtually un-
precedented (Fig. 1).7; fax: þ48 32 258 44 25.
Mining Institute in Katow
nd hosting by Elsevier B.V
se (http://creativecommoCurrently, bearing plates are made of steel of varying
thickness (8e12mm) and varied contact surface with the floor
(200e300mm2). Inmany cases the steel arches are only placed
on the plates. However, in order to improve the contact be-
tween the arches and the plates, there are different designs of
bearing plates available, especially those with varied hitches
for mounting specific profiles of steel arches (Fig. 2).
It is essential to determine the optimal size of the surface
area and thickness (stiffness) of the bearing plate both in
technical and economic terms, in order to ensure proper load-
bearing capacity of the working support. Too small a surface
areamay cause damage to the floor structure and a successive
process of support punching, as shown in Fig. 3. In such a case,
it is not possible to obtain the controlled yielding of the steel
arch bymeans of butted connections, this leads to further roof
delamination and to an increased load acting on the support.
In turn, an unnecessarily large area of the steel bearing plate is
undesirable for economic reasons.
Due to the limited use of bearing plates and steel arch
support in underground coal mines, there is a limited amountice.
. on behalf of Central Mining Institute in Katowice. This is an open
ns.org/licenses/by-nc-nd/4.0/).
Fig. 1 e Bearing plates made of concrete a) concrete bearing plate prepared for stand test, b) concrete bearing plate in an old
mine working.
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cases, previous studies were focused on the use of regular and
irregular shaped plates for the estimation of the bearing ca-
pacity of a weak floor (Fig. 4). It enabled the classification of
the rocks and the study of the phenomena occurring in the
process of destroying the floor rocks on the surface and in
underground conditions (Afrouz, 1975; Barry & Nair, 1970;
Gadde & Peng, 2009; Hansen, 1968; Jenkins, 1955; Konopko &
Marszałek, 1969; Lee, 1961; Mandel & Salencon, 1969;
Motyczka & Stałe˛ga, 1974; Prandl, 1920; Platt, 1956; Smieja &
Skora, 1974; Terzaghi, Peck, & Mesri, 1996; Vesic, 1975).2. Bearing plates e stand testing
Bearing plates are subjected to laboratory tests in a system
similar to the natural conditions of their work, based on the
methodology developed in the Central Mining Institute in
Katowice (Pytlik, 2013). A bearing plate is placed on properly
prepared rock body and then a load is applied to the bearing
plate through the V section aiming at punching the plate
into the surface. The test determines the characteristics of
the entire system in relation to plate load versus plate
displacement. The bearing plate should not be destroyed
(cracked) under the test load of P ¼ 600 kN. The rock body is
prepared from pre-compacted loose coal and clay stone
grains to simulate the condition of destroyed structure of
floor in underground workings. The test schemes are shown
in Figs. 5 and 6. Fig. 7 shows an example of the character-
istics obtained from testing bearing plates produced by
a Polish manufacturer. Fig. 8 shows a deformed plate after
a test.
The graphs (Fig. 7) show that the load increases in all cases
despite the plate displacement and destroyed rock structure
under the plate. Due to the fact, that the rock bodywas formed
by the compaction of loose grains of coal and clay stone, the
failure of the rock and the way this failure occurred was not
analysed further. It must be stated, however, that the
displacement of grains and further compaction of the rock
body may be one of the reasons for the variation of the ob-
tained curves. Despite the small differences in the resultsobtained, the general tendency is the decrease of displace-
ment caused by the test load along with the increase of the
thickness and area of the plate.3. Analysis of the interaction between
bearing plate and floor
To determine the forces in the system: steel supporte bearing
plate e floor, a numerical analysis was carried out using the
FLAC3D software developed by Itasca Consulting Group, based
on the finite difference method. In order to accomplish this
purpose the research team designed a model of the rock mass
in the form of a cube with dimensions of 2.0 2.0 1.0m. The
following elements were placed on the model: a bearing plate
with variable dimensions and a part of the support from the
V36 section as a load factor. An example of themodel adopted
in the calculations is presented in Fig. 9.
The stress state of the rock mass was calculated based on
the MohreCoulomb failure criterion with the post-failure
properties of the rock mass. The MohreCoulomb failure cri-
terion is based on the relationship binding the shear strength
with the angle of internal friction and cohesion:
t ¼ cþ sntg4 (1)
t e shear stress at failure, MPa,
sn e effective normal stress, MPa,
c e cohesion, MPa,
4 e angle of internal friction.
where:Calculations were carried out in three variants for a homo-
geneous rock mass with different geotechnical parameters.
For the determination of the parameters of the rock mass, the
GSI classification was used, which is based on research con-
ducted by Hoek (Hoek, 1999; Hoek, Kaiser, & Bawden, 1995).
Parameter values for numerical calculations are based on
literature review (Kalamaras& Bieniawski, 1995) and relations
(2, 3, and 4). Due to the lack of laboratory tests of modelled
rock samples, the values of post-peak failure parameters were
determined based on previous research (Bukowska, 2012,
Fig. 2 e Popular steel bearing plates used in Poland.
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shown in Tables 1e5.
Rcrm ¼ RC2
GSI 10
85
(2)crm ¼ Rcrm2
1 sin 4rm
cos 4rm
(3)
Erm ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Rc
100
10
r GSI5
40
for GSI<65 (4)
Table 1 e Parameters of the numerical model.
No. Parameter Value
1 Model dimensions 2.0  2.0  1.0 m
2 Constitutive model Elastic e plastic MC model with strain-hardening/softening
Table 2 e Rock mass parameters adopted in the model.
No. Parameter Value
Sandstone (GSI ¼ 60) Clay stone (GSI ¼ 55) Coal (GSI ¼ 45)
1 Density, kg/m3 2400 2000 1600
2 Angle of internal friction, degrees 32.5 30.0 25.0
3 Dilatancy, degrees 4.9 4.1 2.8
4 Poisson's ratio 0.25 0.28 0.30
5 Young's modulus, MPa 13,100 8000 3200
6 Tensile strength, MPa 0.88 0.53 0.21
7 Cohesion, MPa 2.42 1.53 0.66
Table 3 e Post-failure properties of the sandstone.
Strain, % Tensile strength, MPa Cohesion, MPa
0.0007 0.88 2.42
0.0008 0.87 2.38
0.0011 0.15 0.42
0.0025 0.10 0.27
Table 4 e Post-failure properties of the clay stone.
Strain, % Tensile strength, MPa Cohesion, MPa
0.0007 0.53 1.53
0.0010 0.27 0.78
0.0033 0.06 0.17
Table 5 e Post-failure properties of the coal.
Strain, % Tensile strength, MPa Cohesion, MPa
0.0006 0.21 0.66
0.0008 0.20 0.63
0.0010 0.00 0.00
Fig. 3 e Result of usage of improper bearing plate.
Fig. 4 e Geometry of the unregular shaped plate used in
j o u rn a l o f s u s t a i n a b l e m i n i n g 1 4 ( 2 0 1 5 ) 1 2e2 0 15It was assumed that horizontal displacements at the side
boundaries are equal to zero and vertical displacements at the
bottom boundary also equal zero. The model was loaded by
increasing the weight of the part of the support in the range ofthe floor bearing tests. (source: Gadde & Peng, 2009).
Fig. 5 e Test stand of bearing plates.
Fig. 6 e Test plan of bearing plates.
Fig. 7 e Test results of selected bearing plates (each plate is
characterised by its thickness and dimensions in mm).
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ations of bearing plates dimensions (Fig. 10) with bulk and
shear modules, respectively, of 170.0 and 78.8 GPa.
Examples of plasticity zone changes for different load steps
for coal and clay stone are shown in Figs. 11 and 12. The
comparison of the laboratory results and computer simula-
tions showed that the calculated displacements of various
bearing plates were within the expected range. The displace-
ments obtained from laboratory tests were smaller than the
values calculated for coal floor and greater than the values
calculated for clay stone. Therefore it corresponds to the rock
body used in laboratory tests, prepared from coal and clay
stone grains. Fig. 13 shows the displacement of the rock massFig. 8 e Bearing plate after the strength test.
Fig. 9 e Model geometry adopted in the calculations.
j o u rn a l o f s u s t a i n a b l e m i n i n g 1 4 ( 2 0 1 5 ) 1 2e2 0 17at themaximum load of the bearing plates (175 kN for coal and
400 kN for clay stone).
The criterion used to determine the maximal load was
based on the analysis of the equilibrium state. The equilib-
rium state was considered to be achieved when the ratio, of
themaximumunbalancedmechanical forcemagnitude for all
the gridpoints in the model divided by the average applied
mechanical force magnitude, dropped below the value of
1  105. Each model was loaded by increasing the weight of
the part of the support in the range of 0e400 kN. But in some
models, even for lower load conditions, a rapid increase in theFig. 10 e Variants of bearing plateplasticity zone was observed, this resulted in the rapid in-
crease of displacement and problems with achieving the
equilibrium state. For such models the previous values of the
support's load and the corresponding plate's displacement
were used in order to determine the maximum values.
Otherwise, the maximum load of the support was the
maximal analysed value e 400 kN. Based on these assump-
tions it has been shown that the maximum load of the sup-
port, the deformation of the floor and the plasticity zone can
change significantly depending on the parameters of the rock
mass and dimensions of the bearing plates (Figs. 14e16).s adopted in the calculations.
Fig. 11 e Plasticity zones in the rock mass with the parameters of coal (left) and clay stone (right) at a load equal to 97 kN.
Fig. 12 e Plasticity zones in the rock mass with the parameters of coal (left) and clay stone (right) at a load equal to 175 kN.
j o u r n a l o f s u s t a i n a b l e m i n i n g 1 4 ( 2 0 1 5 ) 1 2e2 018The presented graphs show that the bearing plate trans-
ferred the assumed load of 400 kN in the case of the rockmass
with parameters of clay stone and sandstone. For coal and the
base bearing plate (200  200  6 mm), the maximum loadFig. 13 e Contour plot of displacement in the rock mass with th
maximum load of the bearing plate (175 kN for coal and 400 kNamounted to 175 kN. The use of the bearing plates with
increased dimensions (300  200 instead of 200  200 mm)
resulted in an increased load-bearing capacity of the system
by about 34%. Moreover, the results showed that the ability toe parameters of coal (left) and clay stone (right) at the
for clay stone).
Fig. 14 e Maximum load of the bearing plate depending on its dimensions and rock mass type.
Fig. 15 e Maximum displacement of rock mass depending on bearing plate's dimensions and rock mass type.
Fig. 16 e Total volume of plasticity zone depending on dimensions of the bearing plate and rock mass type.
j o u rn a l o f s u s t a i n a b l e m i n i n g 1 4 ( 2 0 1 5 ) 1 2e2 0 19
j o u r n a l o f s u s t a i n a b l e m i n i n g 1 4 ( 2 0 1 5 ) 1 2e2 020transfer the load is influenced to only a small degree by the
thickness of the bearing plate (considering the tested thick-
ness). In the case of coal, changes of thickness did not
significantly affect the value of the maximum displacement
and the volume of the plasticity zone. Significant displace-
ment of rock mass (mainly the local elevation of the floor
around the profile) and a formation of an extensive plasticity
zone occurred regardless of the bearing plate used, due to the
destruction of the structure of the coal with a relatively small
load.
In the case of rock mass with parameters of clay stone and
sandstone the studies were performed at the full assumed
load of the bearing plate (from 0 to 400 kN). The research team
observed a beneficial effect on both the increase in di-
mensions of the bearing plate, as well as its thickness relative
to the base plate (200  200  6 mm). The increase in bearing
plate thickness for rock mass with the parameters of clay
stone resulted in a decrease in volume of the plastic zone, by
about 36%. With an additional increase in the dimensions of
the plate (300  200), the volume of the plastic zone was
reduced by 73%. Smaller changes were observed in the case of
rock mass displacement. The usage of the bearing plate with
the largest analysed dimensions (300  200  12) caused
a decrease in the plate punching of about 10% for clay stone
and approximately 8% in the case of sandstone.
The summary of the analysis suggests that for all the nu-
merical models, an increase in the dimensions of the bearing
plate resulted in a decrease of rock mass displacement (about
10%) and of the volume of the plastic zone (by up to 73%).
For relatively strong floors (with parameters of clay stone
and sandstone), it was possible to load the plate with the
highest analysed force of 400 kN regardless of the dimensions
of the analysed bearing plate. In the case of coal, the ability to
withstand loads was significantly influenced by the size of the
bearing plate. The increase in the dimensions from 200  200
to 300 200mmallowed to increase the load-bearing capacity
by about 34%.4. Conclusion
The analysis presented indicates that the construction of
a bearing plate influences the effectiveness of the support's
settling.Dependingonthestrengthof thefloor, thedimensions
of the bearing plate affect, in various ways, the destruction of
rocks under the steel support, and the support's punching. The
need to reduce these effects is particularly important for
immediate-bearing support, thus, for example, for the steel
arch supportwithmechanical backfilling in the formof sleeves
filled with binders. Improper foundations, especially in the
weak floor strata, can reduce the effectiveness of this type of
support. Moreover, the analyses show that the laboratory
studies of plates are conducted relatively rigorously.
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